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?????????????????????????
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???????????????????????????
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???????????????????????????
????????[1][2]????????????????
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??????????????????[3],[4]??? 1970?
???????????????????????????
??????????????????????????
???????????????????????????
??????????????????????????
???????????????????????????
???????????????????????? 
   ?????????????????????????
??????????????????????????
??????????[5],[6]??????????????
???????????????????????????
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??????????????????????????
??????????????????????????
??????????????????????????
1.1???????????   
  
 
? 1.1????? 
1.2????? 
???????????????????????
?????????????????????????
??????????????(workstation)?????
SGI???????????????????????
????????????????????(Personal 
Computer, PC)???????? SGI?????????
?????????????????????????
?????????? 
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 ? 1.2????? 
?????????? 1.2????????????
?????????????????????????
?????????????????????????
?????????????????????????
??????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????? 
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???????????????????????
?????????????????????????
?????????????????????????
???????????????????? 
???????????????????????
??????????????????????(motion 
system)??????????????????????
?????????? 1.3?????????????
?????????????????????????
????????????????????????
??   
 
? 1.3 ???? 
???????????????????????
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??????????????????????? 360
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?????????????????????????
?????????????????????????
?????????????????????????
????????????????????? 
    ???????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
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???????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
??????????????????? G???? G
?????????????????????????
????????????????????????
?????????????????????????
????????????????? 
    ???????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
????????????????????? 
???????????????????????
?????????????????????????
??????????? 
    ???????????????????????
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?????????????????????????
??????????? 
    ???????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?????????????????????????
?? 
1.3???? 
?????????????????????????
???????????????????????????
????????????????????-???????
??????-???????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
??????????????????????????
???????????????????????????
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????????????? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
??? ???? 
2.1???? 
??????????????????????????
????????????????????? 2.1? 
2.1.1????? ( F ) I
  ??????????????????????????
??????????????????? Z-???????
?????????X?????? 2.1? 
2.1.2??????? ? BF
   ?????????????????????????
????????????? X??????????Z??
???????Y?????????? 
2.1.3????????( ) DF
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D
C
D
F
F ??????????????????? 1.3?? X
?????Z?????? X-Y?????????????? 
2.1.4???????( ) CF
F ????????????????????????
????????????? ??? F DF
2.1.5??????( F ) S
    ????????? ???????????????
??????????????????????? ? 
SF
D
2.1.6?????( ) AF
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A
SF A F
F ????????????????????????
???? ? ?????????????? ??? F CF S
  
 
? 2.1????[2] 
2.1.9??????????? ? ?: paF psF
???????????????????????
???????????????????????????
????????????? ?????????????
???(forntal plane)????????(sagittal plane) ???
???, ???????????????????????
????? ??????? ??? ????????
??????????? ?????????????? 
hX Zh Zh
???? 2.2??? 
 
 
? 2.2????????[5] 
 
2.2??? 
   ?????????????????????(Euler 
angules)????φ θ ψ, , ???????(roll angle)????(pitch 
angle)????(yaw angle)??? 2.3??? 
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? 2.3??? 
? xyz????? XYZ????????????? 
1. ?? xyz??? z????????ψ? ? x y z1 1 1
2. ?? ??? ????????x y1 1z1 y1 θ? ? x y z2 2 2
3. ?? ??? ????????x y2 2z2 x2 φ? XYZ??? 
???????????????????????????
?? 
− ≤ ≤π ψ π  
− ≤ ≤π θ π
2 2
 
− ≤ ≤π φ π  
2.3???? 
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   ??????????? ? ??????? FI FB
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I
IB
ω
VB LBIV=                                 (2-1) 
VI LIBVB=                                 (2-2) 
LIB LBI LBI
T= − =1                               (2-3) 
?? V??????????????????
           (2-4)  LIB =
− +
+ −
−
L
N
MMMMMMMMMMM
O
Q
PPPPPPPPPPP
cos cos
sin sin cos
cos sin
cos sin cos
sin sin
cos sin
sin sin sin
cos cos
cos sin sin
sin cos
sin sin cos cos cos
θ ψ
φ θ ψ
φ ψ
φ θ ψ
φ ψ
θ ψ
φ θ ψ
φ ψ
φ θ ψ
φ ψ
θ φ θ φ θ
L ?????? 
??????? ? ??????????? FI FB
β = T
B B
                              (2-5) 
ω
B
− φ
β
????? ????? FB
?? 
                       (2-6) T
B
=
L
N
MMM
O
Q
PPP
1
0
0
sin tan cos tan
cos sin
sin sec cos sec
φ θ φ θ
φ
φ θ φ θ
? 
   ω
B
R
B
=
R
B
=
L
N
MMM
0
0

θ
θ
                                 (2-7)       
              (2-8)  
−
−
O
Q
PPP
1 0 sin
cos sin cos
sin cos cos
θ
φ φ
φ φ
??? ???? 
3.1 ???? 
  ??????????????????????????
??(labyrinth)?????????????????????
??????????????(endolymph)????????
?????????????????(perilymph)?????
??????????????????????????—
??(cochlea)? 3.1????????? 
 
? 3.1 ????[3] 
3.2???? 
   ????-?????????????????????
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???????????????????????????
????????(sacculus)????(utriculus)???????
3????????(semicircular canal)??????????
????????????????????????
(reunient duct)?????????????????????
????????? 3.2?????? 
 
? 3.2 ????[3] 
3.3???????     
 25
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   ??????????????? 3.3????????
???????????????????????????
????????—????(utriculosaccular canal)??? 
???????????????????????????
??????????????????????????
(otolith)????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
??????????????????????????? 
    ?????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
?? 
 
? 3.3 ?????[3] 
 3.4???????? 
??????????? 3?????? 3.4??????? 
???????????????????????????
???????????????????????????
?????? 30???????????????????
??????????? 
    ????????????????(ampulla)?????
???????????????(ampullary crest)?????
???????????????????????????
???????????????????????(cupola of 
cochlea)???????????????????????
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???????????????????????????
???????????? 1??????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????? 
 
? 3.4 ??????[3] 
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
????? 
 28
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    ?????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
????????????????????????? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 30
??? ????????? 
4.1???????[3][4] 
   ???(semicircular canals)???????-????
?vestibular system????????,???????????
???????????????????????????
??????? ????????????(compensatory)?
???????????????? 
   ?????????????????????????
??????????????????????????
?????????????????????????? 
4.1.1????(input vector)????(sensitive axis): 
    ?????????????????????????
??????????????????????????
???????????????????????????
???????????????????????????
??????????????????????????
????????????? 
4.1.2??????????: 
   ?????????????????????????
???,???????????????????????
?????(overdamped)??????torsional pendulum??
????????,? 4.1????????????????: 
αΙ=Θ+Θ+ΘΙ KB                       (4-1) 
?? 
      I =??????? 
      B =??????????????????????
(rad/sec) 
      K= stiffness?cupula????(4.2)?????????
?. 
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Θ
Θ
Θ 2
      = cupula??????????(rad). 
      = cupula??????????(rad/sec). 
      = cupula??????????(rad/sec ). 
      α =???????????????(rad/sec ). 2
 
? 4.1 ??????[3] 
(4-1)???? cupula????????????? B/K? I/B? 
 
? 4.2 cupula???[4] 
4.1.3????? ???? zh
    ?????????????? ( )eee ZYX ,,
z
?????
?????????????????????
(earth-fixed)???????????????( )?????
????? 
( hhh ZYX ,, )
h
 
????????????? ( )21,ωω ???? 
    
2
4
2
21
1
I
K
I
B
I
B
and
−

±
=ωω                  (4-2) 
????????????????????????
I
B<<
?? ????????: 1 ,ωω
B
K
2
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I
B
B
K
≅
≅
2
1
ω
ω
 
???????????? Laplace Transform ??????
???: 
     
( )
( ) ( )( )



 +


 +
=
++=
Θ
Υ
21
21
11
1
1
T
S
T
S
SSS
S
h
ωωα
                     (4-3) 
   ??T ?????? 21 ,T
  ????????????????????????(a 
velocity step input,γ )???? 
      ( ) 

 −=Θ −− ee tI
Bt
B
K
B
It γ                         (4-4) 
 
4.1.4???? B/K??? 
   ???????Van Egmond???????????B/K
???????????????????????????
??????????????????????? 30??
???????????????????????????
?????????????????????????? 1
? 3????????????????????????
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 34
I/
???????????????????????????
??cupula????????????????? cupula ??
???????????????????????????
????????????????????????
?? 
Bte−
        ( ) e tBKB
It −=Θ γ                           (4-5) 
? 
        
B
Kt
B
I −= γθ lnln                          (4-6) 
???????? θln ????????? 4.3? B/K???
???????????????????????? cupula
????????????????????? cupula???
????????????????????(the threshold 
deflection, )???????????????  ????
??? ???? 
minθ
u
minθ
t
         


= Θminlog
γ
B
I
K
Btu                        (4-7) 
? 
         γloglog
min K
B
B
I
K
Btu +Θ=                   (4-8)  
 
 
? 4.3 cupula ???????[4] 
   ?????????? 4.3????????????
B/K?????????????????????????
????????????????? 
 
? 4.4????????????????[4] 
 ???? I/B??? 
    ????(torsion swing) ?????????? I/B???
??????????????????????????
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(harmonic oscillation)?????????????????? 
    ??????/???????? cupula/???????
?????????? cupula/??????????????
?? 
     
21
0
11
TTI
B
B
K
I
K •=•==ω                    (4-9) 
???????????? 
                                  (4-10) sec/0.10 rad=ω
????? K/B=10?(4-10)???(4-9)? 
       sec1.01
0
==
B
K
B
I
ω                          (4-11) 
???????????(T1? T2)???????????
??? 
       
Θ( )
( ) .
S
s S SZhα
= + +
1
10 1 01 1b gb g                    (4-12) 
   ??? 4.4??????(4-12)??????? 
 
 
Subject angular velocity S
S SZh
( )
.α = + +
10
10 1 01 1b gb g     (4-13) 
? 4.5??????: 
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 F re q u e n c y  (ra d /s e c )
P
ha
se
 (d
eg
);
 M
ag
ni
tu
de
 (
dB
)
B o d e  D ia g ra m s
-4 0
-3 0
-2 0
-1 0
0
 
1 0
-3
1 0
-2
1 0
-1
1 0
0
10
1
1 0
2
-1 0 0
-5 0
0
5 0
1 0 0
 
? 4.5????????? 
?? 4.5?????????? 0.2 rad/s? 10 rad/s????
????????  
???(threshold value) 
  ?????????????????????????
??????????????????????: 
      
θ α α
α
( )
.
( . )
( )
.
.
t e
e
Z
Z t t
Z
t
= + − −
≈ −
− −
−
10 01
01 10
1
10 01
01
e
      (4-14) 
????(Latency Time) 
  ??????cupula?????????????input??
???????????????????????????
???????????????????4.6???????
?????? 
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?4.6?????????[4] 
??4.6???????????????0.36 deg/s  ???
??????????????????0.36 deg/s 2? 
2
4.2??????? 
   ????????????????(utricle)??????
???????????????????????????
??????? 
(1) ??????????????????????
?? 
(2) ????????????? 
(3) ???????????????? 
  ??????????????????????????
?????????(otolith)??????????????
(macula)????? 4.7??? macula???????????
 38
 39
????? macula????? macula??????????
??????? macula????????????????
????????????? 
  ?? macula???????? macula?????????
????????????’macula???’????????
? 26? 30????? 
4.2.1???????? 
   ?????????????????????????
?????????????? macula?????????
????????????????????? cosin???
?????????????? macula???????(shear 
force)????????????????? sine?????
??????????????? macula???????
(shear force)??????????????????? 
(1) ?????????????????(multi-directional) 
????? 
(2)  ???? macula????????? macula?????
??(shearing force)???????????  
???????????????????????????
?????????????????????? 
 
? 4.7macula???[6] 
      
4.2.2???????? 
   ?????????????????????????
?????????????????? sine???????
???????????????????????????
??????????????? 
         
     ( )( )5.11.0 ++= ss
Kvelocityofperceptionsubjective
a eX
    (4-15) 
 ??      
     ???????????=a eX xe?????? 
???????????????????(sagittal axis)?
?? 
??????xe?????????????? 4.8? 
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ag
ni
tu
d
 
 
 
 
? 4.8 ??????? 
F re q u e n c y  (ra d / s e c )
P
ha
se
 (
de
g)
; M
e 
(d
B
)
B o d e  D ia g ra m s
-6 0
-5 0
-4 0
-3 0
-2 0
 
1 0
-3
1 0
-2
1 0
- 1
1 0
0
1 0
1
-1 0 0
-5 0
0
5 0
1 0 0
 
??????????????????????????
? 0.2rad/s? 2rad/s? 
4.2.3????(Latency Time) 
   ?????? cupual????????????? input
????????????????????: 
???????????? 
( )tt eeakvelocityofperceptionsubjective 1.05.1 07.107.01
15.0
−− −+=  (4-16) 
??????????????? d???????????
????  mind
??????? 
  ( )ττ 1.05.1min 07.107.01 −− −+= eeaKd d                  (4-17) 
?? 
        ????=τ
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        ??=dK
 ????????????????????? 1???
?????????? 
              (4-18) sec1)07.11( 1.0min ≥−= − ττeaKd d
? 
 
dK
da
a
min
07.1ln10
−
=τ                         (4-19) sec1≥τ
???? 4-19????????????????????
???????????? 4.9? 
  
? 4.9????????[3] 
  ??????????????0.01g?????????
?????????????????????0.01g?    
 42
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??? ????????????????? 
5.1 ?? 
????????????????????????
???????????????????????????
???????????????????????????
???????????????????????????
???????????????????????? 
????????????? 
(1)????????(classical washout filter) 
?????????????????????????
?(fixed coefficient high-pass filter) ???????????
???????????????????????????
??????????????????? 
  ?????????????????????????
???????????????????????????
???????????????????????????
?????????????????(tilt-coordination)???
??????????????????????????
??????(longitudinal)???(lateral)?????????
??????????????????????????? 
   ?????????????????????????
??????????????????????????
???????????????????????????
??????????? 3 deg/s=0.104 rad/s? 
  ??????????????????????????
??????????????????????????
???????? 
(2)???????(Coordinated adaptive washout 
filter) 
????????????????????????
??????????????? 
  ????????????????(nonlinear filter)? ??
?????(coordinated adaptive filter)??????(digital 
controller)??????????????? 
  ??????????????????????????
????????(motion cue)? 
   ?????????????????????????
???????????????????????????
???????????????????????? 
(3) ???????(optimal washout filter) 
????????????? (5.1),?????????
?? S a?????????????? S s?????????
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?????????????????? S a????????
???????????????????(constrain)???
?? S a
ya
u
????????????????????????
? ????????????????????????
??? 
S s
e y= −
us
????????????,????????????
????(random process with rational power spectral density)?
????????????????????????
(motion generator)?????????????????? 
  ???????????????????????[5]?[6]
????????????????????? 
?????? ???????u ???? e???
???????????????????????
??????????????(causal mapping)W? ??
? ?????? e??????????????? 
ua s
s
a
                  u                 (5-1) )()( tuWt as ⋅=
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  W=?
 
Sa
Ss
+
−∑ e
ACTUAL SYSTEM
SIMULATORCAUSAL  MAPPING
ys
ya
us
ua
yd
           ? 5.1???????????[5] 
5.2 ????????? 
?????????????(dynamic constrain)???
??? ???????(cost function)??????????
?????(5-2)???????????????. 
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[ ]{ }sddsdssT yRyRuuQeeEJ TT ++= ρ                 (5-2) 
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a
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??  , ?R R?????? ????????????
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s
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ρ??????????????????
??????????????????????????
??????????????????? 
5.2.1 ??????? 
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a
nBXAX n
n
n
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?? ?????? N?????? ??????
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A B Cn n, ,
X n
n nC
5.2.2????????? 
??????(5-3)?(5-8)????????? 
nHuBXAX s ++=                         (5-9) 
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[ ]TsdTT yeY =                              (5-12) 
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S s
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
=
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Q
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?? 
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R R R R RT1 1 12 2
1
12
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R C GT1 = C~ ~                                     (5-26) 
A A BR RT' ~ ~= − −2 1 12                                (5-27) 
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u F F F X X Xs aT sT
T= − 1 2 3 nT                (5-28) 
?(5-28)?????? 
)()()()( 321 tXFtXFtXFtu
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5.2.3??????? 
  ????????? ?u ??????????????
???(5-3)?(5-5)?(5-8)?(5-29)???????(Laplace 
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1
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1. ??Q?R? ρ????? 
2. ????????? 
3. ???????? 
4. ???? ?Q R? ρ????????????????
?? 
????????????????????????
???????????????????????????
???????????? 5.1? ?????????
???????????????????????????
?????????? 
sa SS ,
5.3 ????-???? 
?????????????????????????
????????? 
1. ??????????????????????????
??????????????????????????
?????????????????????????
??????????????????????????
???????????? 
2. ?????????????????????????
?????(random process)????  
3. ????????????????????????? 
??????[5]??????????????????
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??????????????????????????
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
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?????????????????Y????????
??????????? u?????? ???????
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X1 2
X8
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X A X Bn n n n= +                             (5-164) 
ua =                                    (5-165) 
?????????????; 
X AX Bu Hns= + +                   (5-166) 
        Y CX Dus= +                       (5-167) 
X X X XaT sT nT
T=                        (5-168) 
Y f f X X Xps
z
pA
z T= −  18 19 20                  (5-169) 
A
A B
A
An
=
L
N
MMM
O
Q
PPP
0
0
0 0
0                            (5-170)    
B =
L
N
MMM
0
0
B
O
Q
PPP
                                  (5-171)  
C
C C D
Cd
= −LNM
O
QP0
−
0
                          (5-172)   
C Id = 03 1 3 3* *
D
D= LNM
O
QP0
H
Bn
=
L
N
MMM
O
Q
PPP
0
0
G
Q
Rd
= LNM
O
QP
0
0 ρ
J E Y
E e Qe= +
us ua
                              (5-173)  
                                  (5-174)  
                                  (5-175)  
                               (5-176)   
???????????? ????????????: us
                   (5-177)   
GY u RuT sT s
u Ru yd R ydT sT s sT d
s
= +
+
{ }
{ (
ρ
ρ )}
???? ? ???(5-36)?,?????????????
?????. 
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??? ????? 
 6.1???? 
  ??????????????????????????
????????????????????????
(channel)[5]???/?????/???????????? 
??????????????????????[6]??
6.1?????? E-1? 
??/???? 
????????????(6.2)?????????
???????????????????????????
?? 6?????/?????????????(6-2)?(6-5)
????????????    
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ββ s
s
a
aA
W s W s
W s W s A
L
NM
O
QP
= LNM
O
QP
L
NM
O
QP
11 12
21 22
( ) ( )
( ) ( )
                (6-1) 
?? 
W s s s s s s s
s s s s s s11
6 5 4 3 2
6 5 4 3 2
2 415 2843 195 07391 01134 00051
2416 2844 1951 07395 01135 00051
( ) . . . . . .
. . . . . .
= + + + + + ++ + + + + +  (6-2) 
 
W s s s s s s s
s s s s s s12
6 5 4 3 2
6 5 4 3 2
0011 01373 02508 01856 00711 00108 0000478
2 416 2844 1951 07395 01135 00051
( ) . . . . . . .
. . . . . .
= + + + + + ++ + + + + +  (6-3) 
 
W s s s e s e s
s s s s s s21
6 5 4
6 5 4 3 2
0003 0 000585 1225 005 2 994 006
2 416 2 844 1951 07395 01135 00051
( ) . . . .
. . . . . .
= − − + − + −+ + + + + +
3
  (6-4) 
 
W s s s s s
s s s s s s22
6 5 4 3
6 5 4 3 2
08621 0 9015 01933 0 009845
2 416 2 844 1951 0 7395 01135 0 0051
( ) . . . .
. . . . . .
= + + ++ + + + + +  (6-5) 
 
?(6.1)????/?????????????????:  
W11(s)
s)
s)
s)
????????????????????????
????? 
W12 (  ????????????????????????
??????????????(tilt-coordination)??
???????????????????????
??? 
W21( ????????????????????????
?????????(low gain)???????????
???? 
W22 ( ????????????????????????
??????????????????????????
??????????????? 
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?? 6.1????????[6]????????????? 
???W ?????????????????????
???????????????????????????
?????????????????????W ???
???????????????????????????
R11?10??? 100??????????????????
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??[5]????????????????????????
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6.2 ?????? 
  ????[6]????????/????????????
???????????????????????????
?????Matlab???????????/???????
??????? 
??/???? 
   ??/????????????? E-2????????
?????????? 6.3????????????????
??????????????? 6???????? 6.2?
?????????? 6.1?? 6.2????/???????
??????/?????????????????????
?????? 
W s s s s s s s
s s s s s s11
6 5 4 3 2
6 5 4 3 2
2 281 2 548 1665 0 6 0 086 0 0037
2 281 1614 0 2019 01783 0 042 000212
( ) . . . . . .
. . . . .
= + + + + + ++ + + − − −  (6-6) 
 
W s s s s s s
s s s s s s12
6 5 4 3 2
6 5 4 3 2
0 01038 01243 0 22 01548 0 05628 0 00793 0 0003
2 281 1614 0 2019 01783 0 042 000212
= + + + + + ++ + + − − −
. . . . . . .
. . . . .
 (6-7) 
 
W s s e s e s
s s s s s s21
6 5 4
6 5 4 3 2
0 0029 0 0006474 2121 005 8 224 007
2 281 1614 0 2019 01783 0 042 000212
= − − − − + −+ + + − − −
. . .
. . . . .
3
 (6-8) 
 
W s s s s
s s s s s s22
6 5 4 3
6 5 4 3 2
0 8223 08644 01703 0 00831
2 281 1614 0 2019 01783 0 042 000212
= + + ++ + + − − −
. . . .
. . . . .
 (6-9) 
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? 6.2 ??/?? ????? 
???? 
   ?????????????????????????
???(6.4)??????????????????????
??????(6-10)?????????????????/?
??????????????????????????
?????? 6.3??????????? 0.2rad/s?????
???????????? 0.2rad/s ? 10rad/s??????
?????????????? 
W s s s s
s s s s
( ) . . .
. . . .
= + ++ + + +
0 9824 0 5456 0 04412
0 7444 0 2765 0 05504 0 0033
4 3 2
4 3 2         (6-10) 
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? 6.3 ?? ????? 
 
???? 
  ????? E-4???????????????????
?????????????????????6-11????
???????????????6-4???????????
??????? 
         
W s s s
s s s s
( ) . .
. . . .
= ++ + + +
0 9824 01824
1386 0 9375 0 3297 0 037
4 3
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? 6.2  ?? / ?? ????? 
D(S) Num11(S) 
-0.38278 + 0.71053i -0.38275 + 0.71070i 
-0.38278 - 0.71053i -0.38275 - 0.71070i 
-0.69260 + 0.26146i -0.69228+ 0.26161i 
-0.69260 - 0.26146i -0.69228 - 0.26161i 
-0.18867 -0.18867 
-0.07606 -0.07602 
????? 
0 0 
0 0 
-9.99999 -10 
-0.19 -0.19 
-0.18867 -0.18867 
-0.00001000000000** -0.00001000000000** 
 
 
D(S) Num12(S) 
-0.38278 + 0.71053i 10 - 0.0000002558816i* 
-0.38278 - 0.71053 i -1 
-0.69260 + 0.26146 i -0.39041 + 0.39087 i 
-0.69260 - 0.26146 i -0.39041 - 0.39087 i 
-0.18867 -0.18999  
-0.07606 -0.07232  
????? 
0 -0.00000618115743 + 0.00000597i** 
0 -0.00000618115743 - 0.000005970i** 
-9.9999 10+0.0000002558816i* 
-0.19  -0.18867  
-0.18867 -0.18867  
-0.00001000000000** 0.00089010414142** 
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D(S) Num21(S) 
-0.38278 + 0.71053 i -0.18866 
-0.38278 - 0.71053i -0.07606 
-0.69260 +0.261467i 0.06960278954597 
-0.69260 - 0.261467i 0.00004241256623 + 0.00008057i** 
-0.18867 0.00004241256623 - 0.00008057i** 
-0.07606 -0.00009482847681** 
????? 
0 0 
0 0 
-9.99999 -9.99999  
-0.19 -0.18999  
-0.18867 -0.18866  
-0.00001000000000** -0.00001000000000** 
 
 
D(S) Num22(S) 
-0.38278 + 0.71053 i -0.82535  
-0.3827 - 0.71053 i -0.18999  
-0.69260+ 0.26146 i -0.07606  
-0.69260 - 0.26146 i -0.00003422579 0.00004804i** 
-0.18867580379831 -0.0000342257 0.000048045i** 
-0.07606970830024 0.00004919355480** 
????? 
0 0.000000412395 0.0000032i** 
0 0.000000412395 - 0.0000032i** 
-9.9999 -10 
-0.19 -0.18873  
-0.18867 -0.18867  
-0.00001000000000** -0.00001094121857** 
* image part approach 0            ** real and image part approach 0 
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? 6.3  ??/?? ????? 
D(S) Num11(S) 
-0.35789 + 0.68367i -0.35784 + 0.6838 i 
-0.35789 - 0.68367 i -0.35784 - 0.6838 i 
-0.66293 + 0.25115 i -0.66265 + 0.25127 i 
-0.66293 - 0.25115 i -0.66265 - 0.25127 i 
-0.16387 -0.16387  
-0.07607 -0.07603  
????? 
0 0 
0 0 
-9.9999 -9.9999  
-0.19 -0.18999  
-0.16393 -0.16393  
-0.00001000000000** -0.00001000000000** 
 
D(S) Num12 
-0.35789 + 0.68367 i -9.9999  
-0.3578 - 0.6836 i -1. 
-0.66293 + 0.25115 i -0.37163 + 0.37284 i 
-0.66293 - 0.25115 i -0.37163 - 0.37284 i 
-0.16387 -0.16393  
-0.07607 -0.06921  
????? 
0 -0.00001264492192+ 0.000015855i** 
0 -0.00001264492192 - 0.000015855i** 
-9.9999 -10  
-0.19 -0.18999 
-0.16393 -0.16393 
-0.00001000000000** -0.00206638118736** 
**??? 0 
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D(S) Num21(S) 
-0.35789 + 0.6836 i -0.16391  
-0.35789 - 0.6836 i -0.07606  
-0.66293 + 0.25115 i 0.02223  
-0.66293 - 0.25115 i 0.000203379 + 0.000363898i** 
-0.16387 0.0002033795 - 0.000363898i** 
-0.07607 -0.00041694650120** 
????? 
0 0 
0 0 
-9.9999 -10  
-0.19 -0.19  
-0.16393 -0.16393  
-0.00001000000000** -0.00001000000000** 
 
D(S) Num22(S) 
-0.35789 + 0.68367 i -0.81138  
-0.3578 - 0.6836 i -0.16391  
-0.66293 + 0.25115 i 0.00000439284272** 
-0.66293 - 0.25115 i -0.000012660+ 0.000014011i** 
-0.16387 -0.000012660 - 0.000014011i** 
-0.07607 -0.07607  
????? 
0 -0.0000071808 + 0.00000409i** 
0 -0.000007180 - 0.000004094i** 
-9.9999 -10  
-0.19 -0.19  
-0.16393 -0.16393  
-0.00001000000000** 0.00228044306931** 
**??? 0 
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? 6.4   ?? ????? 
D(S) N(S) 
-0.16615 + 0.2848i -0.45708 
-0.16615-0.28481i -0.09824 
-0.31398  -0.00001016166296** 
-0.09807 -0.00000983833705** 
????? 
-0.00001000000 + 
0.00000000000017i**
-0.0000100+ 0.00000000430i** 
-0.00001000000 -
0.00000000000017i**
-0.000010 – 0.000000004300i** 
-0.09803 -0.09803 
-9.9999 -10 
 
? 6.5  ?? ????? 
D(S) N(S) 
-0.3239 + 0.5005i -0.18564218929665 
-0.3239 - 0.5005i -0.00009951135109** 
-0.54772 0.000003842 + 0.000007788i** 
-0.19009 0.0000038422 - 0.000007788i** 
????? 
-0.00000100000005** -0.00000968442770** 
-0.00000099999995** -0.000002910 + 0.000003064i** 
-0.19 -0.19 
0 -0.00000291 - 0.0000030644i** 
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???????????????????????????
???????????????????????????
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??????????????????????????
???????????????????????????
????????????????-??????????
???????????????????????????
????[3],[4]????????????????????
??? 0.2 rad/s? 10 rad/s ???????????????
??????????? 0.2rad/s? 2rad/s????????
??????????????????????????
?? 
  ?????????????????????????
????????[5],[6]????????????????
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T s
T s T s
AL
L S1 1
1
 ( )
( )( )
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f
K s
s s
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L s
= ++ + −
τ
τ τ
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?? B 
???????????? 
      x Ax Bu Hn= + +                           (B-1) 
y Cx D= + u
≥ 0
C
D
D
                             (B-2) 
?? A?B?C?D???????????????n???
???????????????????? u??????
?????????? 
σ = +LNM OQPz
R
S|
T|
U
V|
W|
E yTGy uT Ru dt
t
t
2
1
                       (B-3) 
?? ?? R? G??????(symmetric matrix)?R?
G???????? ?????(weight function)? 
R G≥ 0,
?????????????????????????
?? 
                                 (B-4) R C GT1 =
                                (B-5) R C GT12 =
                              (B-6) R R D GT2 = +
                            (B-7) R R R R RT1 1 12 2 1 12' = − −
 106
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x                              (B-8) u u R RT' = + −2 1 12
                             (B-9) A A BR RT' = − −2 1 12
?(B-2)?(B-6)??????? 
 
σ = + +zE x R x x R u u R u dtT T Ttt 1 12 2221{ }          (B-10) 
????(B-7)?(B-8)?(B-10)??????? 
   σ = +zE x R x u R u dT Ttt 1 201 ' ' '{ t}                (B-11) 
????(B-1),(B-8)?(B-9)??????? 
         ' 'x A x Bu Hn= + +                   (B-12) 
???????????????????????(B-10)?
(B-11)????????R?R? ??????R >0? ?
?? 
1 1
' R2 2 R
R1
R R
x)
2
1−
?? G?R???????????????(B-4)?(B-6)
?? ? ?????????G>0? R>0??????(B-6)
?????? >0???? >0?? ????? ? ?
????????????(B-7)??? ?????? 
R2
R2 R2 R2
1−
R1
'
1 2
  ????????(B-11)?(B-12)??????????
??????????????(8)????????????
?? 
       u F t' (= −                          (B-13) 
?? 
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'
p
'
                              (B-14) F t R B p tT( ) (= −2 1
?? P(t)????? Riccati Equation??? 
                   (B-15) − = − + +− ''p R PBR B p A p pAT T1 2 1
   ?     
p t( )1 0=                            (B-16) 
??????6??????(steady-state) ??????(control 
law)???? 
                                (B-17)   F R BT= −2 1
?? P????? Riccati Equation??: 
                  (B-18) 0 1 2 1= − + +−R PBR B p A p pAT T' '
?? 
  lim ' ' 'T T
t
t
t t
E x R x u R u dt
1 0
11
1 0
1 2→∞ − +z{t                (B-19)   }
? 
     lim ' 'T T
t t
E x R x u R u
1
1
1 0
1 2→∞ − +m
'r
2 'r
t
                 (B-20)  
 (B-19),(B-20)??? 
???? x(t)? u(t) ,[??? ],? ergodic??????(B-19)
?????? 
u t' ( )
E x R x u R uT T1
' '+m                        (B-21) 
????(B-8),(B-13)?(B-14)?????????????? 
      u R B p t RT= − +−2 1 12( ) xT                    (B-22) 
?????(B-17)?????????????????? 
      u R B P RT T= − +−2 1 12 x
r
                   (B-23) 
?????(B-3),(B-11)?(B-21)???????????? 
σ = +E y Gy u RuT Tm                    (B-24) 
?? C 
????5-23?? Riccati equation?? P??????? 
p
p p p
p p p
p p p
=
L
N
MMM
O
Q
PPP
11 12 13
21 22 23
32 3331
                (C-1)            
?? ? ???(square matrix)?????? A????
??(dimention)?????(5-20),(5-22)?(5-27)??????: 
P11 P22
           [ ]         (C-2) [F F F R B P DGCT1 2 3 2 1= +− ]
??????? A? B?C?D? ? ?  
????????(C-1)??????? 
R1 R2 R12
                        (C-3) F R B P D QCT T1 2 1 12= −− ( )
)
)
                       (C-4) F R B P D QCT T2 2 1 22= +− (
                        (C-5) F R B P D QDT T3 2 1 23= −− (
??????? W?S????? ? ?? ? P
21
P
22
P
23
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